Abstract. Various endocrine disrupting chemicals (EDCs) are exogenous compounds found in the environment and have the potential to interfere with the endocrine system and hormonal regulation. Among EDCs, bisphenol A (BPA) and 1,1,1-trichloro-2,2-bis(4-methoxyphenol)-ethane [methoxychlor (MXC)] have estrogenic activity resulting in a variety of dysfunctions in the E2-mediated response by binding to estrogen receptors (ERs), causing human health problems such as abnormal reproduction and carcinogenesis. In this study, we investigated the effects of BPA and MXC on cell proliferation facilitated by ER signaling in human breast cancer cells. MCF-7 cells are known to be ERα-positive and to be a highly E2-responsive cancer cell line; these cells are, therefore, a useful in vitro model for detecting estrogenic activity in response to EDCs. We evaluated cancer cell proliferation following BPA and MXC treatment using an MTT assay. We analyzed alterations in the expression of genes associated with the cell cycle in MCF-7 cells by semi-quantitative reverse-transcription PCR following treatment with BPA or MXC compared to EtOH. To determine whether BPA and MXC stimulate cancer cell growth though ER signaling, we co-treated the cells with agonists (propyl pyrazoletriol, PPT; and diarylpropionitrile, DPN) or an antagonist (ICI 182,780) of ER signaling and reduced ERα gene expression via siRNA in MCF-7 cells before treatment with EDCs. These studies confirmed the carcinogenicity of EDCs in vitro. As a result, BPA and MXC induced the cancer cell proliferation by the upregulation of genes that promote the cell cycle and the downregulation of anti-proliferative genes, especially ones affecting the G1/S transition via ERα signaling. These collective results confirm the carcinogenicity of these EDCs in vitro. Further studies are required to determine whether EDCs promote carcinogenesis in vivo.
Introduction
Various endocrine disrupting chemicals (EDCs) are exogenous compounds found in the environment (1) . EDCs have the potential to interfere with the endocrine system and hormonal regulation (2) . These adverse effects of EDCs consequently result in human health problems associated with reproduction, development, and the neurologic and immune systems (3) . Most natural and synthetic EDCs tend to have estrogenic activities and structures similar to that of estrogen such as 17β-estradiol (E2); thus, they induce estrogen-mediated responses by binding to estrogen receptors (ERs) (4) . ERs are members of the nuclear receptor family and play a key role as transcription factors (TFs) in gene expression (5) . Estrogen is known to be essential for the development of reproductive organs, bone, and the cardiovascular system (6,7). However, many previous studies have shown that estrogen is an important factor in the growth of ERα-positive human breast cancer and other cancers (8) . Although most EDCs bind to the ERα with an affinity 1ower than that of E2, these chemicals cause abnormal estrogenic responses in specific tissues as agonists or antagonists of ER signaling (3, 9) . Abnormal activation of estrogen signaling by EDCs leads to altered gene expression in target tissue and carcinogenesis (10) .
Among EDCs, bisphenol A (BPA) and alkylphenols, such as 4-n-nonylphenol (NP) and 4-n-octylphenol (OP), have strong estrogenic activity that results in a variety of dysfunctions in the E2-mediated response (11) . BPA is primarily used as a plasticizer and a polystyrene resin for industrial products all over the world. As the use of plastics increases, human exposure to Treatment with bisphenol A and methoxychlor results in the growth of human breast cancer cells and alteration of the expression of cell cycle-related genes, cyclin D1 and p21, via an estrogen receptor-dependent signaling pathway BPA has greatly increased (12) . Humans have prolonged daily exposure to BPA in plastic materials, such as cans for food products with epoxy resin lining, eyeglass lenses, and dental sealants (13) . Many studies have demonstrated that BPA is a potent endocrine disruptor both in vivo and in vitro (14, 15 (19) . Methoxychlor (MXC) is a synthetic chemical used as an alternative pesticide for DDT against a wide variety of insects such as mosquitoes and flies for agriculture and home gardening purposes. MXC has a weak estrogenic activity and can bind to both ERs, resulting in detrimental effects on developmental and reproductive systems (20) . For instance, exposure to MXC results in reduced fertility and ovulation with alterations in specific gene expression, and folliculogenesis in the ovary (21) . Studies have shown that MXC disturbs spermatogenesis and reduces the size of the testes, prostate, and seminal vesicles in males (22) . In addition, MXC exerts a significant proliferative effect on human ovarian cancer cells in a dose-dependent manner (23) . However, there are not sufficient data to fully identify the mechanism of MXC action.
Based on this information, we performed the present study to evaluate the effects of BPA and MXC on cancer cell proliferation through ER signaling in human breast cancer cells. MCF-7 cells are known to be ERα-positive and to be highly responsive to E2; these characteristics make the MCF-7 cells a useful in vitro model for detecting the estrogenic effects of EDCs. We examined cancer cell proliferation following EDC treatment using an MTT assay. To determine whether EDCs affect cancer cell growth though ER signaling, we also co-treated the MCF-7 cells with agonists (propyl pyrazoletriol, PPT, and diarylpropionitrile, DPN) or an antagonist (ICI 182,780) of ERs signaling, and reduced ERα gene expression via small inhibitory RNA (siRNA) before EDC treatment. Using semi-quantitative reverse-transcription PCR (RT-PCR), we analyzed the altered expression of genes associated with the cell cycle following treatment with BPA or MXC compared to EtOH in MCF-7 cells.
Materials and methods
Cell culture and media. Human breast cancer MCF-7 cells were obtained from the Korean Cell Line Bank (KCLB, Seoul, Republic of Korea). The cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Hyclone Laboratories, Inc., Logan, UT, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Hyclone Laboratories), 100 IU/ml penicillin, and 100 mg/ml streptomycin (Cellgro, Manassas, VA, USA) at 37˚C in a humidified 5% CO 2 atmosphere. To eliminate the effects of the estrogenic components in the DMEM and FBS, phenol red-free DMEM supplemented with 10% charcoal-dextran-treated FBS was used for 3 days. The media were then changed to phenol red-free DMEM supplemented with 1% charcoal-dextran-treated FBS for 1 days to measure the estrogenic activity of EDCs in the MCF-7 cells.
Cell proliferation assay. The effect of the EDCs on cell proliferation was measured by an MTT assay. MCF-7 cells were plated at a density of 4,000 cells/well in 96-well plates in 0.1 ml of phenol red-free DMEM supplemented with 1% charcoal-dextran-treated FBS. After incubating for 48 h, the cells were washed and treated with E2, BPA or MXC (all were from Sigma-Aldrich Corp., St. Louis, MO, USA) at various concentrations in the medium described above for 6 days. Ethanol (EtOH; 0.1%) in the same medium was used as a vehicle. To examine the mechanism of EDCs action, cells were co-treated with 10 -8 M ICI 182,780, 10 -8 M PPT or 10 -8 M DPN after exposure the MCF-7 cells to the EDCs. Following these treatments, the cells were treated with 10 µl of MTT solution (5 mg/ml) and incubated at 37˚C for 4 h. Medium containing the MTT was removed and precipitants were solubilized in EtOH. Absorbance was measured at 540 nm using an ELISA reader (VERSA man; Molecular Devices, Sunnyvale, CA, USA).
Total-RNA extraction. MCF-7 cells were cultured at a density of 3x10 5 cells/well in 6-well plates and then were treated with E2, BPA, MXC or EtOH. MCF-7 cells were cultured at a density of 3x10 5 cells/well in 6-well plates, treated with E2, BPA, MXC and EtOH; and co-treated with ICI 182,780, PPT or DPN. Total-RNA was extracted at various time points (0, 6 and 24 h) using TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions. The concentration of total-RNA was measured by a spectrophotometer (Optizen, Mecasys, Dea-jeon, Republic of Korea) at 260/280 nm. One microgram of total-RNA was dissolved in diethyl pyrocarbonate-deionzed water (DEPC-DW) for cDNA synthesis.
Semi-quantitative RT-PCR.
To synthesize cDNA from total-RNA using RT-PCR, the reaction mixture contained murine leukemia virus reverse transcriptase (M-MLV RT), nonamer random primers, dNTPs, an RNase inhibitor, and RT buffer (all were from Intron Biotechnology, Sungnam, Kyeonggido, Republic of Korea). cDNA synthesis was performed at 37˚C for 1 h and 95˚C for 5 min. Cyclin D, p21, ERα and GAPDH mRNA were amplified with specific forward and reverse primers, Taq polymerase, PCR buffer, dNTP mixture, and each cDNA template; PCR was performed as previously described (24) . The sequences for each forward and reverse primer and the expected sizes of the PCR products are shown in Table I . The PCR products were separated on a 1.5% agarose gel and the band sizes were estimated according to 100-bp ladders. The gels were scanned and band densities were quantified using Gel Doc 2000 (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Treatment with siRNA. siRNA specific for ERα (Invitrogen) was designed using BLOCK-iT™ RNAi Designer (Invitrogen).
knockdown of ERα was achieved by transfecting siRNA into MCF-7 cells using Lipofectamine™ 2000 (Invitrogen). Prior to transfection, the medium was replaced with DMEM without antibiotics. Lipofectamine 2000-siRNA complexes were incubated for 20 min at room temperature and then added to the cells. The cells were then incubated in an incubator at 37˚C for 24 h. Data analysis. Data are shown as the mean ± standard deviation (SD). A statistical analysis was performed using Student's t-test and two-pair comparisons. P-values <0.05 was considered statistically significant.
Results

Effects of BPA and MXC on cell proliferation in MCF-7 cells.
To evaluate the effects of BPA and MXC on cell proliferation, MCF-7 cells were cultured with vehicle (0.1% EtOH), E2 (10 -9 and 10 -8 M), BPA (10 -7 -10 -5 M), or MXC (10 -7
-10 -5 M) for 6 days. E2 as a positive control markedly increased MCF-7 cell proliferation compared to EtOH (Fig. 1) . BPA significantly increased MCF-7 cell proliferation in a dose-dependent manner. MXC also stimulated the growth of MCF-7 cells up to a concentration of 10 -5 M (Fig. 1) . These findings showed that BPA and MXC strongly induce the proliferation of MCF-7 cells.
Alteration of cyclin D1 and p21 gene expression by BPA and MXC. To evaluate the effects on the expression of genes associated with cell the cycle such as cyclin D1 and p21, we treated the cells with increasing concentrations of BPA (10 -6 M) or MXC (10 -6 M) for 0 to 24 h, based on results of the cell proliferation assay. Semi-quantitative RT-PCR showed that the expression of cyclin D1 was significantly increased by treatment with E2 or BPA compared to EtOH at each time point, but was unaffected by MXC ( Fig. 2A) . However, p21 expression was significantly decreased in MCF-7 cells treated with both EDCs (Fig. 2B) . These results suggested that BPA and MXC can alter the expression of cell cycle-related genes in breast cancer cells; these include the upregulation of cyclin D1 and downregulation of p21.
Effects of BPA and MXC on proliferation of MCF-7 cells with an ER antagonist or ER agonists.
We incubated MCF-7 cells with an ER antagonist, ICI 182,780, or agonists, PPT and DPN, and co-treated with BPA or MXC. ICI 182,780 significantly decreased the proliferation induced by E2, BPA or MXC in MCF-7 cells (Fig. 3A) . This result demonstrated that BPA and MXC can promote proliferation of MCF-7 cells through ER signaling. However, the ERα agonist PPT increased cell proliferation induced by BPA and significantly increased that of MXC (Fig. 3B) . However, the ERβ agonist, did not increase the effects of DPN, E2, BPA or MXC on proliferation (Fig. 3C) . These results suggest that increased MCF-7 cell proliferation by BPA or MXC is more closely associated with ERα than ERβ.
Effects of BPA and MXC on altered expression of cyclin D1 and p21 with an ER antagonist or ER agonists. Functionally blocking ERα and ERβ signaling in cells co-treated with ICI
182,780 and E2, BPA and MXC did not produce significant changes in cyclin D1 and p21 expression levels compared with EtOH treatment (Figs. 4A and 5A ). The expression pattern of the cyclin D1 (Fig. 4B and C) and p21 (Fig. 5B and C) genes induced by BPA and MXC in the presence of the agonists PPT and DPN were similar to that of cyclin D1 and p21 genes induced by BPA or MXC alone. These results imply that the estrogenic activity of BPA and MXC on cyclin D1 and p21 gene expression may result in part from binding to ERs and signaling through the ERs. Effects of BPA and MXC appear to be involved in the transcriptional regulation of cyclin D1 and p21 through ER signaling.
Effects of E2, BPA or MXC on cyclin D1 and p21 expression in MCF-7 cells transfected with siRNA specific for ERα.
The effects of BPA and MXC were evaluated in MCF-7 cells in which ERα expression was reduced by siRNA knockdown. Reduced expression of ERα in siRNA-transfected MCF-7 cells was confirmed by semi-quantitative RT-PCR (Fig. 6A) . Expression of the cell cycle-associated genes cyclin D1 and p21 was not altered by E2, BPA or MXC treatment compared to EtOH (Fig. 6B and C) . These results indicate that ERα may be involved in altered expression of cell cycle-related genes associated with EDCs. . Total-RNA was extracted at different time points (0, 6 and 24 h). Gene expression of (A) cyclin D1 and (B) p21 was detected using semi-quantitative RT-PCR. The PCR products were separated on a 1.5% agarose gel, the resulting bands were scanned, and the density of the bands in the gel was quantified using Gel Doc 2000 as described in Materials and methods. Data represent the mean ± SD of triplicate experiments. (25) . The G1/S transition during the cell cycle involves many important cell cycle-related genes such as cyclin D1, p21, and cdk 4; the expression of these genes may be specifically altered in breast cancer cells (26) . Cyclin D1 is overexpressed in nearly 50% of breast cancers and a well-defined target of E2-mediated signaling in ER-positive cancer cells such as MCF-7 (27) . In MCF-7 cells, treatment of G0/G1-arrested cells with E2 significantly upregulates cyclin D1 mRNA and protein expression (28) . In addition, E2 modulates the function of cell cycle regulators such as p21, p27 and p16 (29) . As a negative regulator of cell cycle progression, p21 is a potential cancer suppressor gene. Recently, some studies have shown that p21 plays an essential role in inhibiting breast cancer growth during the G1/S transition (30) . However, estrogen can regulate p21 expression in ER-positive breast cancer cells (31) . The data suggest that these EDCs can induce E2-mediated alterations in cancer due to their estrogenic effect on ER-positive cells.
Among the EDCs, BPA has attracted considerable attention. BPA can act in a manner similar to E2 in the body (32) and has estrogenic activity that stimulates the proliferation of ER-positive mammary cancer cells (33) . In addition, there are in vitro and in vivo data which demonstrates that BPA promotes prostate cancer growth in cells harboring an androgen receptor mutation (34) . Recent studies have demonstrated that the estrogenic activity of MXC provides evidence for EDC action in many tissues including the uterus, vagina, brain and bone (35) . MXC can bind to ERα and ERβ, which suggest that MXC may be associated with E2-mediated responses in humans (36) .
In the present study, we confirmed that BPA or MXC stimulate carcinogenesis and induce a change at the transcriptional level of the expression of cell-related genes in ER-positive human breast cancer cells. They increased the proliferation of MCF-7 cells in a dose-dependent manner, similarly to E2. We also found that they cause the induction of cyclin D1 expression and reduced p21 expression associated with the G1/S 
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transition, resulting in the proliferation of MCF-7 cells. The data suggest that increased progression of G1/S transition due to exposure to EDCs may result in a poor prognosis for human breast cancer patients. However, increased proliferation and altered expression of cell cycle-related genes due to BPA and MXC in MCF-7 cells were inhibited by the ER antagonist ICI 182,780. This result suggests that the effects of BPA and MXC on cancer cells occurs through ER signaling. In addition, we determined that the effects of BPA and MXC on MCF-7 cells are exerted mainly through ERα rather than ERβ signaling. PPT is a potent ERα agonist that has a binding affinity for ERα up to 400-fold higher than for ERβ (37) . Furthermore, DPN as an ERβ agonist is 70-fold more selective for ERβ than ERα (38) . The effects of BPA and MXC were enhanced in the presence of PPT. The expression of cyclin D1 and p21 were potentiated by BPA or MXC in the presence of PPT, but were less altered by BPA or MXC with DPN. These results show that activation of ERα signaling by PPT can promote the effect of BPA or MXC at the transcriptional level of cell cycle-regulating genes.
To confirm the relationship between ERα and EDCs, we transfected siRNA of ERα into MCF-7 cells. As the expression of ERα was reduced in MCF-7 cells, the effects of BPA and MXC disappeared on both the expression of cyclin D1 and p21. These studies indicate that EDCs can stimulate the proliferation of human breast cancer cells through ERα. Activation of ERα signaling by EDCs leads to altered regulation of cyclin D1 and p21 gene expression that results in significant proliferation of cancer cells.
Taken together, our findings allow us to postulate that BPA and MXC may have carcinogenic properties in vitro. BPA and MXC induce upregulated expression of cell cycle-associated genes and downregulate the expression of anti-proliferative genes, especially ones that influence the G1/S transition via ERα signaling. This collectively results in the formation of mammary cancer cells and sustained proliferation. Further studies are required to determine whether EDCs promote carcinogenesis in vivo.
